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(57) Abstract 



The invention relates to a method for preparing an antibody-producing cell line capable of directed constitutive hy permutation of a 
specific nucleic acid region, comprising the steps of: a) screening a clonal cell population for V gene diversity; b) isolating one or more 
cells which display V gene diversity and comparing the rate of accumulation of mutations in the V genes and other genes of the selected 
cells; and c) selecting a cell in which the rate of V gene mutation exceeds that of other gene mutation. 
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Method for Generating Diversity 



The present invention relates to a method for generating diversity in a gene or gene 
product by exploiting the natural somatic hypermutation capability of antibody- 
producing cells, as well as to cell lines capable of generating diversity in defined gene 
products. 

Many in vitro approaches to the generation of diversity in gene products rely on the 
generation of a very large number of mutants which are then selected using powerful 
selection technologies. For example, phage display technology has been highly successful 
as providing a vehicle that allows for the selection of a displayed protein (Smith, 1985; 
Bass et al 1990; McCafferty et al, 1990; for review see Clackson and Wells, 1994). 
Similarly, specific peptide ligands have been selected for binding to receptors by affinity 
selection using large libraries of peptides linked to the C terminus of the lac repressor 
Lacl (Cull et al. y 1992). When expressed in E. coli the repressor protein physically links 
the ligand to the encoding plasmid by binding to a lac operator sequence on the plasmid. 
Moreover, an entirely in vitro polysome display system has also been reported 
(Mattheakis et al., 1994) in which nascent peptides are physically attached via the 
ribosome to the RNA which encodes them. 

In vivo the primary repertoire of antibody specificities is created by a process of DNA 
rearrangement involving the joining of immunoglobulin V, D and J gene segments. 
Following antigen encounter in mouse and man, the rearranged V genes in those B cells 
that have been triggered by the antigen are subjected to a second wave of 
diversification, this time by somatic hypermutation. This hypermutation generates the 
secondary repertoire from which good binding specificities can be selected thereby 
allowing affinity maturation of the humoral immune response. 

Artificial selection systems to date rely heavily on initial mutation and selection, similar 
in concept to the initial phase of V-D-J rearrangement which occurs in natural antibody 



WO 00/22111 




PCT/GB99/03358 



production, in that it results in the generation of a "fixed" repertoire of gene product 
mutants from which gene products having the desired activity may be selected. 

In vitro RNA selection and evolution (Ellington and Szostak, 1990), sometimes referred to 
5 as SELEX (systematic evolution of ligands by exponential enrichment) (Tuerk and Gold, 
1990) allows for selection for both binding and chemical activity, but only for nucleic 
acids. When selection is for binding, a pool of nucleic acids is incubated with 
immobilised substrate. Non-binders are washed away, then the binders are released, 
amplified and the whole process is repeated in iterative steps to enrich for better binding 
10 sequences. This method can also be adapted to allow isolation of catalytic RNA and DNA 
(Green and Szostak, 1992; for reviews see Chapman' and Szostak, 1994; Joyce, 1994; 
Gold et al.,,1995; Moore, 1995). SELEX, thus, permits cyclical steps of improvement of 
the desired activity, but is limited in its scope to the preparation of nucleic acids. 



15 Unlike in the natural immune system, however, artificial selection systems are poorly 
suited to any facile form of "affinity maturation", or cyclical steps of repertoire 
generation and development. One of the reasons for this is that it is difficult to target 
mutations to regions of the molecule where they are required, so subsequent cycles of 
mutation and selection do not lead to the isolation of molecules with improved activity 

20 with sufficient efficiency. 

Much of what is known about the somatic hypermutation process which occurs during 
affinity maturation in natural antibody production has been derived from an analysis of 
the mutations that have occurred during hypermutation in vivo (for reviews see 

25 Neuberger and Milstein, 1995; Weill and Raynaud, 1996; Parham, 1998). Most of 
these mutations are single nucleotide substitutions which are introduced in a stepwise 
manner. They are scattered over the rearranged V domain, though with characteristic 
hotspots, and the substitutions exhibit a bias for base transitions. The mutations largely 
accumulate during B cell expansion in germinal centres (rather than during other stages 

30 of B cell differentiation and proliferation) with the rate of incorporation of nucleotide 
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substitutions into the V gene during the hypermutation phase estimated at between 10" 4 
and 10- 3 bp' 1 generation- 1 (McKean et al., 1984; Berek & Milstein, 1988) 

The possibility that lymphoid cell lines could provide a tractable system for 

5 investigating hypermutation was considered many years ago (Coffino and Scharff, 1971; 
Adetugbo et al., 1977; Bruggemann et al., 1982). Clearly, it is important that the rate 
of V gene mutation in the cell-line under study is sufficiently high not only to provide a 
workable assay but also to be confident that mutations are truly generated by the 
localised antibody hypermutation mechanism rather than reflecting a generally increased 

10 mutation rate as is characteristically associated with many tumours. Extensive studies on 
mutation have been performed monitoring the reversion of stop codons in Vh in mouse 
pre-B and plasmacytoma cell lines (Wabl et al., 1985; Chui et al., 1995; Zhu et al., 
1995; reviewed by Green et al., 1998). The alternative strategy of direct sequencing of 
the expressed V gene has indicated that Vh gene diversification in several follicular, 

15 Burkitt and Hodgkin lymphomas can continue following the initial transformation event 
(Bahler and Levy, 1992; Jain et al., 1994; Chapman et al., 1995 and 1996; Braeuninger 
et al., 1997). Direct sequencing has also revealed a low prevalence of mutations in a 
cloned follicular lymphoma line arguing that Vh diversification can continue in vitro 
(Wu et al., 1995). None of the reports of constitutive mutation in cell lines cited above 

20 provides evidence that the mutations seen are the result of directed hypermutation, as 
observed in natural antibody diversification, which is concentrated in the V genes, as 
opposed to a general susceptibility to mutation as described in many tumour cell lines 
from different lineages. 



25 



Recently, hypermutation has been induced in a cell line by Denepoux et al (1997), by 
culturing cells in the presence of anti-immunoglobulin antibody and activated T-cells. 
However, the hypermutation observed was stated to be induced, not constitutive. 
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Summary of the Invention 

In a first aspect of the invention there is provided a method for preparing a lymphoid 
cell line capable of directed constitutive hypermutation of a target nucleic acid region, 
5 comprising screening a cell population for ongoing target sequence diversification, and 
selecting a cell in which the rate of target nucleic acid mutation exceeds that of other 
nucleic acid mutation by a factor of 100 or more. 

As used herein, "directed constitutive hypermutation" refers to the ability, observed for 
10 the first time in experiments reported herein, of certain cell lines to cause alteration of 
the nucleic acid sequence of one or more specific sections of endogenous or transgene 
DNA in a constitutive manner, that is without the requirement for external stimulation. 
In cells capable of directed constitutive hypermutation, sequences outside of the specific 
sections of endogenous or transgene DNA are not subjected to mutation rates above 
1 5 background mutation rates . 

A "target nucleic acid region" is a nucleic acid sequence or region in the cell according 
to the invention which is subjected to directed constitutive hypermutation. The target 
nucleic acid may comprise one or more transcription units encoding gene products, 

20 which may be homologous or heterologous to the cell. Exemplary target nucleic acid 
regions are immunoglobulin V genes as found in immunoglobulin-producing cells 
These genes are under the influence of hypermutation-recruiting elements, as described 
further below, which direct the hypermutation to the locus in question. Other target 
nucleic acid sequences may be constructed, for example by replacing V gene 

25 transcription units in loci which contain hypermutation-recruiting elements with another 
desired transcription unit, or by constructing artificial genes comprising hypermutation- 
recruiting elements. 

"Hypermutation" refers to the mutation of a nucleic acid in a cell at a rate above 
30 background. Preferably, hypermutation refers to a rate of mutation of between 10" 5 and 
10' 3 bp" 1 generation V This is greatly in excess of background mutation rates, which are 
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of the order of 10~ 9 to 10' 10 mutations bp" 1 generation 1 (Drake et a/., 1988) and of 
spontaneous mutations observed in PCR. 30 cycles of amplification with Pfu 
polymerase would produce < 0.05x10 3 mutations bp 1 in the product, which in the 
present case would account for less than 1 in 100 of the observed mutations (Lundberg 
5 etaL, 1991). 

Hypermutation is a part of the natural generation of immunoglobulin variable chain (V) 
genes. According to the present invention therefore, the cell line is preferably an 
immunoglobulin-producing cell line which is capable of producing at least one 

10 immunoglobulin V gene. A V gene may be a variable light chain (V L ) or variable 
heavy chain (V H ) gene, and may be produced as part of an entire immunoglobulin 
molecule; it may be a V gene from an antibody, a T-cell receptor or another member of 
the immunoglobulin superfamily. Members of the immunoglobulin superfamily are 
involved in many aspects of cellular and non-cellular interactions in vivo, including 

15 widespread roles in the immune system (for example, antibodies, T-cell receptor 
molecules and the like), involvement in cell adhesion (for example the ICAM 
molecules) and intracellular signalling (for example, receptor molecules, such as the 
PDGF receptor). Thus, preferred cell lines according to the invention are derived from 
B-cells. According to the present invention, it has been determined that cell lines 

20 derived from antibody-producing B cells may be isolated which retain the ability to 
hypermutate V region genes, yet do not hypermutate other genes. 

In a preferred embodiment, the cells according to the invention are derived from or 
related to cells which hypermutate in vivo. Cells which hypermutate in vivo are, for 
25 example, immunoglobulin-expressing cells, such as B-cells. Lymphoma cells, which 
are Ig-expressing cell tumours, are particularly good candidates for the isolation of 
constitutively hypermutating cell lines according to the present invention. 



30 



As used herein, "screening for ongoing target sequence diversification" refers to the 
determination of the presence of hypermutation in the target nucleic acid region of the 
cell lines being tested. This can be performed in a variety of ways, including direct 
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sequencing or indirect methods such as the MutS assay (Jolly et aL, 1997) or 
monitoring the generation of immunoglobulin loss variants. Cells selected according to 
this procedure are cells which display target sequence diversification. 

The cell population which is subjected to selection by the method of the invention may 
be a polyclonal population, comprising a variety of cell types and/or a variety of target 
sequences, or a (mono-)clonal population of cells. 

A clonal cell population is a population of cells derived from a single clone, such that 
the cells would be identical save for mutations occurring therein. Use of a clonal cell 
population preferably excludes co-culturing with other cell types, such as activated T- 
cells, with the aim of inducing V gene hy permutation. 

Cells according to the invention do not rely on the use of induction steps in order to 
produce hy permutation. 

Preferably, the clonal cell population screened in the present invention is derived from a 
B cell. Advantageously it is a lymphoma cell line, such as a Burkitt lymphoma cell 
line, a follicular lymphoma cell line or a diffuse large cell lymphoma cell line. 

Preferably, the method according to the invention further comprises the steps of 
isolating one or more cells which display target sequence diversification, and comparing 
the rate of accumulation of mutations in the target sequences with that in non-target 
sequences in the isolated cells. 

A feature of the present invention is that the hypermutation is directed only to specific 
(target) nucleic acid regions, and is not observed outside of these regions in a general 
manner. Specificity is thus assayed as part of the method of the invention by assaying 
the rate of mutation of sequences other than target sequences. C region genes, which 
are not naturally exposed to hypermutation, may advantageously be employed in such a 
technique, although any other nucleic acid region not subject to specific hypermutation 
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may also be used. Since hypermutation is not sequence dependent, the actual sequence 
of the nucleic acid region selected for comparison purposes is not important. However, 
it must not be subject to control sequences which direct hypermutation, as described 
below. Conveniently, background mutation may be assessed by fluctuation analysis, for 
5 example at the HPRT locus [see Luria and Delbreck., (1943); Capizzi and Jameson, 
(1973)]. 

Cells in which target region mutation exceeds non-target region mutation are cells 
capable of directed constitutive hypermutation of a specific nucleic acid region in 
10 accordance with the present invention. The factor by which V region gene mutation 
exceeds other gene mutation is variable, but is. in general of the order of at least 10 ' 
advantageously 10 3 , and preferably 10 4 or more. 

Overall mutation rates and diversity may be increased, for example by the 
15 administration of mutagens or expression of sequence modifying genes, such as terminal 
deoxynucleotidyl transferase (TdT). However, the difference between hypermutation 
and background is not expected to be increased in such a manner. 

In a second aspect of the present invention, there is provided a method for preparing a 
20 gene product having a desired activity, comprising the steps of: 

a) expressing a nucleic acid encoding the gene product in a population of 
cells according to the first aspect of the present invention, operably linked to a nucleic 
acid which directs hypermutation; 

b) identifying a cell or cells within the population of cells which expresses a 
25 mutant gene product having the desired activity; and 

c) establishing one or more clonal populations of cells from the cell or cells 
identified in step (b), and selecting from said clonal populations a cell or cells which 
expresses a gene product having an improved desired activity. 

30 The population of cells according to part a) above is derived from a clonal or polyclonal 
population of cells which comprises cells identified by a method according to the first 
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aspect of the invention as being capable of constitutive hypermutation of V region 
genes. The gene product may thus be the endogenous immunoglobulin polypeptide, a 
gene product expressed by a manipulated endogenous gene or a gene product expressed 
by a heterologous transcription unit operatively linked to control sequences which direct 
5 somatic hypermutation, as described further below. 

The nucleic acid which is expressed in the ceils of the invention and subjected to 
hypermutation may be an endogenous region, such as the endogenous V region, or a 
heterologous region inserted into the cell line of the invention. This may take form, for 

10 example, of a replacement of the endogenous V region with heterologous transcription 
unit(s), such as a heterologous V region, retaining the endogenous control sequences 
which direct hypermutation; or of the insertion into the cell of a heterologous 
transcription unit under the control of its own control sequences to direct 
hypermutation, wherein the transcription unit may encode V region genes or any other 

15 desired gene product. The nucleic acid according to the invention is described in more 
detail below. 

In step b) above, the cells are screened for the desired gene product activity. This may 
be, for example in the case of immunoglobulins, a binding activity. Other activities 

20 may also be assessed, such as enzymatic activities or the like, using appropriate assay 
procedures. Where the gene product is displayed on the surface of the cell, cells which 
produce the desired activity may be isolated by detection of the activity on the cell 
surface, for example by fluorescence, or by immobilising the cell to a substrate via the 
surface gene product. Where the activity is secreted into the growth medium, or 

25 otherwise assessable only for the entire cell culture as opposed to in each individual 
cell, it is advantageous to establish a plurality of clonal populations from step a) in 
order to increase the probability of identifying a cell which secretes a gene product 
having the desired activity. Advantageously, the selection system employed does not 
affect the cell's ability to proliferate and mutate. 
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Preferably, at this stage (and in step c) cells which express gene products having a 
better, improved or more desirable activity are selected. Such an activity is, for 
example, a higher affinity binding for a given ligand, or a more effective enzymatic 
activity. Thus, the method allows for selection of cells on the basis of a qualitative 
5 and/or quantitative assessment of the desired activity. 

In a third aspect of the present invention, there is provided the use of a cell capable of 
directed constitutive hypermutation of a specific nucleic acid region in the preparation 
of a gene product having a desired activity. 

10 

In the use according to the invention, a nucleic acid encoding the gene product having 
the desired activity is operatively linked to control sequences which direct 
hypermutation within the cell. Successive generations of the cell thus produce mutants 
of the nucleic acid sequence, which are screened by the method of the invention to 
15 isolate mutants with advantageous properties. 

Brief Description of the Figures 

Figure 1 Vh diversity in Burkitt lines. 
20 (A) Sequence diversity in the rearranged V H genes of four sporadic Burkitt 

lymphoma lines, shown as pie charts. The number of M13 clones sequenced for each 
cell line is denoted in the centre of the pie; the sizes of the various segments depict the 
proportion of sequences that are distinguished by 0, 1,2 etc. mutations (as indicated) 
from the consensus. 

25 (B) Presumed dynastic relationship of V H mutations identified in the initial 

Ramos culture. Each circle (with shading proportional to extent of mutation) represents 
a distinct sequence with the number of mutations accumulated indicated within the 
circle. 

(C) Mutation prevalence in the rearranged V\ genes. Two Vx rearrangements 
30 are identified in Ramos. Diversity and assignment of germline origin is presented as in 
Figure 1A. 
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(D) Comparison of mutation prevalence in the V H and C\x regions of the 
initial Ramos culture. Pie charts are presented as in Figure 1A. 

5 Figure 2 Constitutive Vh diversification in Ramos. 

(A) Diversification assessed by a MutS assay. The mutation prevalence in 
each population as deduced by direct cloning and sequencing is indicated. 

(B) Dynastic relationships deduced from the progeny of three independent 
Ramos clones. 

10 

Figure 3. Distribution of unselected nucleotide substitutions along the Ramos V H . 

Figure 4. Hy permutation in Ramos generates diverse revertible IgM-loss variants. 

(A) Scheme showing the isolation of IgM-loss variants. 

15 (B) Table showing that multiple nonsense mutations can contribute to Vh 

inactivation. Each Vh codon position at which stops are observed in these two 

populations is listed. 

(C) Table of reversion rates of IgM-loss variants. 

(D) Sequence surrounding the stop codons in the IgM-loss derivatives. 

20 

Figure 5. IgM-loss variants in Ramos transfectants expressing TdT. 

(A) Western blot analysis of expression of TdT in three pSV-ppG/TdT and 
three control transfectants of Ramos. 

(B) Pie charts depicting independent mutational events giving rise to IgM- 
25 loss variants. 

Figure 6. Sequence table summarising mutations in Vh other than single nucleotide 
substitutions. 

30 Figure 7. Comparison of sequences isolated from V H genes of Ramos cells which 
have lost anti-idiotype (anti-Id 1) binding specificity. Nucleotide substitutions which 
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differ from the starting population consensus are shown in bold. Predicted amino acid 
changes are indicated, also in bold type. 

Figure 8. Bar graph showing enrichment of Ramos cells for production of an 
5 immunoglobulin with a novel binding specificity, by iterative selection over five 
rounds. 

Figure 9. Bar graph showing improved recovery of Ramos cells binding a novel 
specificity (strep tavidin) by increasing the bead:cell ratio. 

10 

Figure 10. Chart showing increase in recovery of novel binding specificity Ramos 
cells according to increasing target antigen concentration. 

Figure 11. V H sequence derived from streptavidin-binding Ramos cells. Nucleotide 
15 changes observed in comparison with the V H sequence of the starting population, and 
predicted amino acid changes, are shown in bold. 

Figure 12. Amount of IgM in supernatants of cells selected in rounds 4, 6 and 7 of a 
selection process for streptavidin binding, against control medium and unselected 
20 Ramos cell supernatant. 

Figure 13. Streptavidin binding of IgM from the supernatants of Figure 12, 

Figure 14. Streptavidin binding of supernatants from round 4 and round 6 of a 
25 selection for streptavidin binding, analysed by surface plasmon resonance. 

Figure 15. FACS analysis of binding to streptavidin-FITC of cells selected in rounds 
4 and 6. 



30 Figure 16. 



V H and V L sequences of round 6 selected IgM. 
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Detailed Description of the Invention 

The present invention makes available for the first time a cell line which constitutively 
hypermutates selected nucleic acid regions. This permits the design of systems which 
5 produce mutated gene products by a technique which mirrors affinity maturation in 
natural antibody production. The Ramos Burkitt line constitutively diversifies its 
rearranged immunoglobulin V gene during in vitro culture. This hypermutation does 
not require stimulation by activated T cells, exogenous ly-added cytokines or even 
maintenance of the B cell antigen receptor. 

10 

The rate of mutation (which lies in the range 0.2-lxlO" 4 bp" 1 generation* 1 ) is 
sufficiently .high to readily allow the accumulation of a large database of unselected 
mutations and so reveal that hypermutation in Ramos exhibits most of the features 
classically associated with immunoglobulin V gene hypermutation in vivo (preferential 

15 targeting of mutation to the V; stepwise accumulation of single nucleotide substitutions; 
transition bias; characteristic mutational hotspots). The large majority of mutations in 
the unselected database are single nucleotide substitutions although deletions and 
duplications (sometimes with a flanking nucleotide substitution) are detectable. Such 
deletions and duplications have also been proposed to be generated as a consequence of 

20 hypermutation in vivo (Wilson et al., 1998; Goosens et al., 1998; Wu & Kaartinen, 
1995). 

The isolation of cells which constitutively hypermutate selected nucleic acid regions is 
based on the monitoring of V gene mutation in cell lines derived from antibody- 
25 producing cells such as B cells. The selection method employed in the invention may 
be configured in a number of ways. 

Selection of Hvpermutating Cells 

30 Hypermutating cells may be selected from a population of cells by a variety of 
techniques, including sequencing of target sequences, selection for expression loss 
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mutants, assay using bacterial MutS protein and selection for change in gene product 
activity. 

One of the features of hypermutation of target nucleic acids is that the process results in 
the introduction of stop codons into the target sequence with far greater frequency than 
would be observed in the absence of hypermutation. This results in loss of production 
of a gene product from the cell. This loss may be exploited to identify cells which are 
hypermutating nucleic acid sequences. 

In a preferred embodiment of the invention, the target nucleic acid encodes an 
immunoglobulin. Immunoglobulin loss may be detected both for cells which secrete 
immunoglobulins into the culture medium, and for cells in which the immunoglobulin is 
displayed on the ceil surface. Where the immunoglobulin is present on the cell surface, 
its absence may be identified for individual cells, for example by FACS analysis, 
immunofluorescence microscopy or ligand immobilisation to a support. In a preferred 
embodiment, cells may be mixed with antigen-coated magnetic beads which, when 
sedimented, will remove from the cell suspension all cells having an immunoglobulin of 
the desired specificity displayed on the surface. 

The technique may be extended to any immunoglobulin molecule, including antibodies, 
T-cell receptors and the like. The selection of immunoglobulin molecules will depend 
on the nature of the clonal population of cells which it is desired to assay according to 
the invention. 

Alternatively, cells according to the invention may be selected by sequencing of target 
nucleic acids, such as V genes, and detection of mutations by sequence comparison. 
This process may be automated in order to increase throughput. 



In a further embodiment, cells which hypermutate V genes may be detected by assessing 
change in antigen binding activity in the immunoglobulins produced in a clonal cell 
population. For example, the quantity of antigen bound by a specific unit amount of 
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cell medium or extract may be assessed in order to determine the proportion of 
immunoglobulin produced by the cell which retains a specified binding activity. As the 
V genes are mutated, so binding activity will be varied and the proportion of produced 
immunoglobulin which binds a specified antigen will be reduced. 

5 

Alternatively, cells may be assessed in a similar manner for the ability to develop a 
novel binding affinity, such as by exposing them to an antigen or mixture of antigens 
which are initially not bound and observing whether a binding affinity develops as the 
result of hy permutation. 

10 

In a further embodiment, the bacterial MutS assay may be used to detect sequence 
variation injarget nucleic acids. The MutS protein binds to mismatches in nucleic acid 
hybrids. By creating heteroduplexes between parental nucleic acids and those of 
potentially mutated progeny, the extent of mismatch formation, and thus the extent of 
15 nucleic acid mutation, can be assessed. 

Where the target nucleic acid encodes an gene product other than an immunoglobulin, 
selection may be performed by screening for loss or alteration of a function other than 
binding. For example, the loss or alteration of an enzymatic activity may be screened 
20 for. 

Cells which target sequence hypermutation are assessed for mutation in other nucleic 
acid regions. A convenient region to assay is the constant (C) region of an 
immunoglobulin gene. C regions are not subject to directed hypermutation according to 
25 the invention. The assessment of C regions is preferably made by sequencing and 
comparison, since this is the most certain method for determining the absence of 
mutations. However, other techniques may be employed, such as monitoring for the 
retention of C region activities, for example complement fixation, which may be 
disrupted by hypermutation events. 

30 
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Adaptation of the endogenous gene products 

Having obtained a cell line which constitutively hypermutates an endogenous gene, such 
as an immunoglobulin V region gene, the present invention provides for the adaptation 
5 of the endogenous gene product, by constitutive hypermutation, to produce a gene 
product having novel properties. For example, the present invention provides for the 
production of an immunoglobulin having a novel binding specificity or an altered 
binding affinity. 

10 The process of hypermutation is employed, in nature, to generate improved or novel 
binding specificities in immunoglobulin molecules. Thus, by selecting cells according 
to the invention which produce immunoglobulins capable of binding to the desired 
antigen and then propagating these cells in order to allow the generation of further 
mutants, cells which express immunoglobulins having improved binding to the desired 

15 antigen may be isolated. 

A variety of selection procedures may be applied for the isolation of mutants having a 
desired specificity. These include Fluorescence Activated Cell Sorting (FACS), cell 
separation using magnetic particles, antigen chromatography methods and other cell 
20 separation techniques such as use of polystyrene beads. 

Separating cells using magnetic capture may be accomplished by conjugating the antigen 
of interest to magnetic particles or beads. For example, the antigen may be conjugated 
to superparamagnetic iron-dextran particles or beads as supplied by Miltenyi Biotec 

25 GmbH. These conjugated particles or beads are then mixed with a cell population 
which may express a diversity of surface immunoglobulins. If a particular cell 
expresses an immunoglobulin capable of binding the antigen, it will become complexed 
with the magnetic beads by virtue of this interaction. A magnetic field is then applied 
to the suspension which immobilises the magnetic particles, and retains any cells which 

30 are associated with them via the covalently linked antigen. Unbound cells which do not 
become linked to the beads are then washed away, leaving a population of cells which is 
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isolated purely on its ability to bind the antigen of interest. Reagents and kits are 
available from various sources for performing such one-step isolations, and include 
Dynal Beads (Dynal AS; http://www.dynal.no), MACS-Magnetic Cell Sorting 
(Miltenyi Biotec GmbH; http://www.miltenyibiotec.com), CliniMACS (AmCell; 
5 http://www.amcell.com) as well as Biomag, Amerlex-M beads and others. 

Fluorescence Activated Cell Sorting (FACS) can be used to isolate cells on the basis of 
their differing surface molecules, for example surface displayed immunoglobulins. 
Cells in the sample or population to be sorted are stained with specific fluorescent 

10 reagents which bind to the cell surface molecules. These reagents would be the 
antigen(s) of interest linked (either directly or indirectly) to fluorescent markers such as 
fluorescein, Texas Red, malachite green, green fluorescent protein (GFP), or any other 
fluorophore known to those skilled in the art. The cell population is then introduced 
into the vibrating flow chamber of the FACS machine. The cell stream passing out of 

15 the chamber is encased in a sheath of buffer fluid such as PBS (Phosphate Buffered 
Saline). The stream is illuminated by laser light and each cell is measured for 
fluorescence, indicating binding of the fluorescent labelled antigen. The vibration in the 
cell stream causes it to break up into droplets, which carry a small electrical charge. 
These droplets can be steered by electric deflection plates under computer control to 

20 collect different cell populations according to their affinity for the fluorescent labelled 
antigen. In this manner, cell populations which exhibit different affinities for the 
antigen(s) of interest can be easily separated from those cells which do not bind the 
antigen. FACS machines and reagents for use in FACS are widely available from 
sources world-wide such as Becton-Dickinson, or from service providers such as 

25 Arizona Research Laboratories (http://www.arl.arizona.edu/facs/). 

Another method which can be used to separate populations of cells according to the 
affinity of their cell surface protein(s) for a particular antigen is affinity 
chromatography. In this method, a suitable resin (for example CL-600 Sepharose, 
30 Pharmacia Inc.) is covalently linked to the appropriate antigen. This resin is packed 
into a column, and the mixed population of cells is passed over the column. After a 
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suitable period of incubation (for example 20 minutes), unbound cells are washed away 
using (for example) PBS buffer. This leaves only that subset of cells expressing 
immunoglobulins which bound the antigen(s) of interest, and these cells are then eluted 
from the column using (for example) an excess of the antigen of interest, or by 

5 enzymatically or chemically cleaving the antigen from the resin. This may be done 
using a specific protease such as factor X, thrombin, or other specific protease known 
to those skilled in the art to cleave the antigen from the column via an appropriate 
cleavage site which has previously been incorporated into the antigen-resin complex. 
Alternatively, a non-specific protease, for example trypsin, may be employed to remove 

10 the antigen from the resin, thereby releasing that population of cells which exhibited 
affinity for the antigen of interest. 

Insertion of heterologous transcription units 

15 

In order to maximise the chances of quickly selecting an antibody variant capable of 
binding to any given antigen, or to exploit the hypermutation system for non- 
immunoglobulin genes, a number of techniques may be employed to engineer cells 
according to the invention such that their hypermutating abilities may be exploited. 

20 

In a first embodiment, transgenes are transfected into a cell according to the invention 
such that the transgenes become targets for the directed hypermutation events. 

As used herein, a "transgene" is a nucleic acid molecule which is inserted into a cell, 
25 such as by transfection or transduction. For example, a "transgene" may comprise a 
heterologous transcription unit as referred to above, which may be inserted into the 
genome of a cell at a desired location. 

The plasmids used for delivering the transgene to the cells are of conventional 
30 construction and comprise a coding sequence, encoding the desired gene product, under 
the control of a promoter. Gene transcription from vectors in cells according to the 
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invention may be controlled by promoters derived from the genomes of viruses such as 
polyoma virus, adenovirus, fowlpox virus, bovine papilloma virus, avian sarcoma 
virus, cytomegalovirus (CMV), a retrovirus and Simian Virus 40 (SV40), from 
heterologous mammalian promoters such as the actin promoter or a very strong 
5 promoter, e.g. a ribosomal protein promoter, and from the promoter normally 
associated with the heterologous coding sequence, provided such promoters are 
compatible with the host system of the invention. 

Transcription of a heterologous coding sequence by cells according to the invention may 
10 be increased by inserting an enhancer sequence into the vector. Enhancers are relatively 
orientation and position independent. Many enhancer sequences are known from 
mammalian genes (e.g. elastase and globin). However, typically one will employ an 
enhancer from a eukaryotic cell virus. Examples include the SV40 enhancer on the late 
side of the replication origin (bp 100-270) and the CMV early promoter enhancer. The 
15 enhancer may be spliced into the vector at a position 5' or 3' to the coding sequence, 
but is preferably located at a site 5' from the promoter. 

Advantageously, a eukaryotic expression vector may comprise a locus control region 
(LCR). LCRs are capable of directing high-level integration site independent 
20 expression of transgenes integrated into host cell chromatin, which is of importance 
especially where the heterologous coding sequence is to be expressed in the context of a 
permanently-transfected eukaryotic cell line in which chromosomal integration of the 
vector has occurred, in vectors designed for gene therapy applications or in transgenic 
animals. 

25 

Eukaryotic expression vectors will also contain sequences necessary for the termination 
of transcription and for stabilising the mRNA. Such sequences are commonly available 
from the 5' and 3* untranslated regions of eukaryotic or viral DNAs or cDNAs. These 
regions contain nucleotide segments transcribed as polyadenylated fragments in the 
30 untranslated portion of the mRNA. 
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An expression vector includes any vector capable of expressing a coding sequence 
encoding a desired gene product that is operatively linked with regulatory sequences, 
such as promoter regions, that are capable of expression of such DNAs. Thus, an 
expression vector refers to a recombinant DNA or RNA construct, such as a plasmid, a 
phage, recombinant virus or other vector, that upon introduction into an appropriate 
host cell, results in expression of the cloned DNA. Appropriate expression vectors are 
well known to those with ordinary skill in the art and include those that are replicable in 
eukaryotic and/or prokaryotic cells and those that remain episomal or those which 
integrate into the host cell genome. For example, DNAs encoding a heterologous 
coding sequence may be inserted into a vector suitable for expression of cDNAs in 
mammalian cells, e.g. a CMV enhancer-based vector such as pEVRF (Matthias, et al., 
1989). 

Construction of vectors according to the invention employs conventional ligation 
techniques. Isolated plasmids or DNA fragments are cleaved, tailored, and religated in 
the form desired to generate the plasmids required. If desired, analysis to confirm 
correct sequences in the constructed plasmids is performed in a known fashion. Suitable 
methods for constructing expression vectors, preparing in vitro transcripts, introducing 
DNA into host cells, and performing analyses for assessing gene product expression and 
function are known to those skilled in the art. Gene presence, amplification and/or 
expression may be measured in a sample directly, for example, by conventional 
Southern blotting, Northern blotting to quantitate the transcription of mRNA, dot 
blotting (DNA or RNA analysis), or in situ hybridisation, using an appropriately 
labelled probe which may be based on a sequence provided herein. Those skilled in the 
art will readily envisage how these methods may be modified, if desired. 

In one variation of the first embodiment, transgenes according to the invention also 
comprise sequences which direct hy permutation. Such sequences have been 
characterised, and include those sequences set forth in Klix et a/., (1998), and Sharpe et 
a/., (1991), incorporated herein by reference. Thus, an entire locus capable of 
expressing a gene product and directing hypermutation to the transcription unit 
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encoding the gene product is transferred into the cells. The transcription unit and the 
sequences which direct hypermutation are thus exogenous to the cell. However, 
although exogenous the sequences which direct hypermutation themselves may be 
similar or identical to the sequences which direct hypermutation naturally found in the 
5 cell 

In a second embodiment, the endogenous V gene(s) or segments thereof may be 
replaced with heterologous V gene(s) by homologous recombination, or by gene 
targeting using, for example, a Lox/Cre system or an analogous technology or by 
10 insertion into hypermutatting cell lines which have spontaneously deleted endogenous V 
genes. Alternatively, V region gene(s) may be replaced by exploiting the observation 
that hypermutation is accompanied by double stranded breaks in the vicinity of 
rearranged V genes. 

15 The invention is further described below, for the purposes of illustration only, in the 
following examples. 

Example 1: Selection of a hypermutating cell 

20 In order to screen for a cell that undergoes hypermutation in vitro, the extent of 
diversity that accumulates in several human Burkitt lymphomas during clonal expansion 
is assessed. The Burkitt lines BL2, BL41 and BL70 are kindly provided by G. Lenoir 
(IARC, Lyon, France) and Ramos (Klein et al., 1975) is provided by D. Fearon 
(Cambridge, UK). Their rearranged V H genes are PCR amplified from genomic DNA 

25 using multiple Vh family primers together with a Jh consensus oligonucleotide. 
Amplification of rearranged Vh segments is accomplished using Pfu polymerase 
together with one of 14 primers designed for each of the major human V H families 
(Tomlinson, 1997) and a consensus J H back primer which anneals to all six human J H 
segments (JOL48, S'-GCGGTACCTGAGGAGACGGTGACC-S', gift of C. Jolly). 

30 Amplification of the Ramos Vh from genomic DNA is performed with oligonucleotides 
RVHFOR (5'-CCCCAAGCTTCCCAGGTGCAGCTACAGCAG) and JOL48. Amplification of 
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the expressed V H -C|i cDNA is performed using RVHFOR and C|a2BACK (5*- 
CCCCGGTACCAGATGAGCTTGGACTTGCGG). The genomic Qil/2 region is amplified 
using C^2BACK with C^IFOR (S'-CCCCAAGCTTCGGGAGTGCATCCGCCCCAACCCTT); 
the functional Cja allele of Ramos contains a C at nucleotide 8 of C^i2 as opposed to T 
5 on the non-functional allele. Rearranged V^s are amplified using 5'- 
CCCCAAGCTTCCCAGTCTGCCCTGACTCAG and 5'-CCCCTCTAGACCACCTAGGACGGTC- 
AGCTT. PCR products are purified using QIAquick (Qiagen) spin columns and 
sequenced using an ABI377 sequencer following cloning into M13. Mutations are 
computed using the GAP4 alignment program (Bonfield et al., 1995). 

10 

Sequencing of the cloned PCR products reveals considerable diversity in the Ramos cell 
line (a prevalence of 2.8xl0- 3 mutations bp- 1 in the Vh) although significant 
heterogeneity is also observed in BL41 as well as in BL2. See Figure 1A. Sequence 
diversity in the rearranged V H genes of four sporadic Burkitt lymphoma lines are 

15 shown as pie charts. The rearranged Vh genes in each cell line are PCR amplified and 
cloned into M13. For each cell line, the consensus is taken as the sequence common to 
the greatest number of M13 clones and a germline counterpart (indicated above each 
pie) assigned on the basis of closest match using the VBASE database of human 
immunoglobulin sequences (Tomlinson, 1997). The Vr consensus sequence for Ramos 

20 used herein differs in 3 positions from the sequence determined by Chapman et al 
(1996), five positions from that determined by Ratech (1992) and six positions from its 
closest germline counterpart Vh4(DP-63). 

The analysis of Vh diversity in Ramos is extended by sequencing the products from 
25 nine independent PCR amplifications. This enables a likely dynastic relationship 
between the mutated clones in the population to be deduced, minimising the number of 
presumed independent repeats of individual nucleotide substitutions (Figure IB). 315 
M13Vh clones obtained from nine independent PCR amplifications are sequenced; the 
dynasty only includes sequences identified (rather than presumed intermediates). 
30 Individual mutations are designated according to the format "C230" with 230 being the 
nucleotide position in the Ramos Vh (numbered as in Figure 3) and the "C M indicating 
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the novel base at that position. The criterion used to deduce the genealogy is a 
minimisation of the number of independent occurrences of the same nucleotide 
substitution. The majority of branches contain individual members contributed by 
distinct PCR amplifications. The rare deletions and duplications are indicated by the 
5 prefix "x" and "d" respectively. Arrows highlight two mutations (a substitution at 
position 264 yielding a stop codon and a duplication at position 184) whose position 
within the tree implies that mutations can continue to accumulate following loss of 
functional heavy chain expression. 

10 PCR artefacts make little contribution to the database of mutations; not only is the 
prevalence of nucleotide substitutions greatly in excess of that observed in control PCR 
amplifications (<0.05xl0- 3 bp 1 ) but also identically mutated clones (as well as 
dynastically related ones) are found in independent amplifications. In many cases, 
generations within a lineage differ by a single nucleotide substitution indicating that 

15 only a small number of substitutions have been introduced in each round of mutation. 

Analysis of V\ rearrangements reveals that Ramos harbours an in-frame rearrangement 
of V^2.2-16 (as described by Chapman et al. 1996)) and an out-of-frame rearrangement 
of Vx2.2-25. There is mutational diversity in both rearranged V^s although greater 
20 diversity has accumulated on the non-functional allele (Figure 1C). 

A classic feature of antibody hypermutation is that mutations largely accumulate in the 
V region but scarcely in the C. This is also evident in the mutations that have 
accumulated in the Ramos IgH locus (Figure ID). M13 clones containing cDNA inserts 
25 extending through Vh, CjiI and the first 87 nucleotides C^i2 are generated by PCR 
from the initial Ramos culture. The Pie charts (presented as in Figure 1A) depict the 
extent of mutation identified in the 341 nucleotide stretch of Vh as compared to a 380 
nucleotide stretch of C|i extending from the beginning of Cjal. 

30 The IgM immunoglobulin produced by Ramos is present both on the surface of the cells 
and, in secreted form, in the culture medium. Analysis of the culture medium reveals 



WO 00/22111 



• 




PCT/GB99/03358 



that Ramos secretes immunoglobulin molecules to a very high concentration, 
approximately l^g/ml. Thus, Ramos is capable of secreting immunoglobulins to a level 
which renders it unnecessary to redone immunoglobulin genes into expression cell lines 
or bacteria for production. 



Example 2: Vh diversification in Ramos is constitutive 

To address whether V gene diversification is ongoing, the cells are cloned and Vh 
10 diversity assessed using a MutS-based assay after periods of in vitro culture. The 
Ramos Vh is PCR amplified and purified as described above using oligonucleotides 



for 3 min; 75 °C for 90 min), the extent of mutation is assessed by monitoring the 
binding of the mismatched heteroduplexed material to the bacterial mismatch-repair 
15 protein MutS, filter-bound, with detection by ECL as previously described (Jolly et al., 
1997). 

The results indicate that Vh diversification is indeed ongoing (see Figure 2A). DNA is 
extracted from Ramos cells that have been cultured for 1 or 3 months following limit 

20 dilution cloning. The rearranged Vh is PCR amplified using biotinylated 
oligonucleotides prior to undergoing denaturation/renaturation; mismatched 
heteroduplexes are then detected by binding to immobilised MutS as previously 
described (Jolly et al., 1997). An aliquot of the renatured DNA is bound directly onto 
membranes to confirm matched DNA loading (Total DNA control). Assays performed 

25 on the Ramos Vh amplified from a bacterial plasmid template as well as from the initial 
Ramos culture are included for comparison. 

The Vh genes are PCR amplified from Ramos cultures that have been expanded for four 
(Rcl) or six (Rcl3 and 14) weeks (Figure 2B). A mutation rate for each clone is 
30 indicated and is calculated by dividing the prevalence of independent Vh mutations at 4 
or 6 weeks post-cloning by the presumed number of cell divisions based on a generation 



5 



containing a biotinylated base at the 5 '-end. Following denaturation/renaturation (99°C 
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time of 24 h. The sequences reveal step-wise mutation accumulation with a mutation 
rate of about 0.24xl0" 4 mutations bp- 1 generation' 1 . 

Direct comparison of the Vh mutation rate in Ramos to that in other cell-lines is not 
5 straightforward since there is little information on mutation rates in other lines as 
judged by unselected mutations incorporated throughout the Vh obtained following 
clonal expansion from a single precursor cell. However, the prevalence of mutations 
following a two week expansion of 50 precursor BL2 cells has been determined under 
conditions of mutation induction (2.7xl0* 3 mutations bp* 1 ; Denepoux et al., 1997). 
10 Similar experiments performed with Ramos under conditions of normal culture reveal a 
mutation prevalence of 2.3xl0" 3 mutations bp -1 . Various attempts to enhance the 
mutation rate by provision of cytokines, helper T cells etc. have proved unsuccessful. 
Thus, the rate of mutation that can be achieved by specific induction in BL2 cells 
appears to be similar to the constitutive rate of Vh mutation in Ramos. 

15 

Example 3: Examination of the nature of Vh mutations in Ramos 

A database of mutational events is created which combines those detected in the initial 
Ramos culture (from 141 distinct sequences) with those detected in four subclones that 

20 have been cultured in various experiments without specific selection (from a further 135 
distinct sequences). This database is created after the individual sets of sequences have 
been assembled into dynastic relationships (as detailed in the legend to Figure IB) to 
ensure that clonal expansion of an individual mutated cell does not lead to a specific 
mutational event being counted multiple times. Here an analysis of this composite 

25 database of 340 distinct and presumably unselected mutational events (200 contributed 
by the initial Ramos culture and 140 from the expanded subclones) is described; 
separate analysis of the initial and subclone populations yields identical conclusions. 

The overwhelming majority of the mutations (333 out of 340) are single nucleotide 
30 substitutions. A small number of deletions (4) and duplications (3) are observed but no 
untemplated insertions; these events are further discussed below. There are only five 
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sequences which exhibited nucleotide substitutions in adjacent positions; however, in 
three of these five cases, the genealogy revealed that the adjacent substitutions have 
been sequentially incorporated. Thus, the simultaneous creation of nucleotide 
substitutions in adjacent positions is a rare event. 

5 

The distribution of the mutations along the V H is highly non-random (See Figure 3). 
Independently occurring base substitutions are indicated at each nucleotide position. 
The locations of CDR1 and 2 are indicated. Nucleotide positions are numbered from 
the 3' -end of the sequencing primer with nucleotide position -hi corresponding to the 
10 first base of codon 7; codons are numbered according to Kabat. Mutations indicated in 
italics (nucleotide position 15, 193, 195 and 237) are substitutions that occur in a 
mutated subclone and have reverted the sequence at that position to the indicated 
consensus. 

15 The major hotspot is at the G and C nucleotides of the Ser82a codon, which has 
previously been identified as a major intrinsic mutational hotspot in other Vh genes 
(Wagner et al., 1995; Jolly et ah, 1996) and conforms to the RGYW consensus 
(Rogozin and Kolchanov, 1992; Betz et al., 1993). Whilst the dominant intrinsic 
mutational hotspot in many Vh genes is at Ser31, this codon is not present in the Ramos 

20 consensus Vh (or its germline counterpart) which have Gly at that position. The 
individual nucleotide substitutions show a marked bias in favour of transitions (51% 
rather than randomly-expected 33%). There is also a striking preference for targeting 
G and C which account for 82% of the nucleotides targeted (Table 1). 
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Table 1. Nucleotide substitution preferences of hypermutation in Ramos 

Frequency of substitution to 
C G A Total 

3.9 1.2 3.0 8.1 

10 C 17.4 - 12.6 4.8 34.8 

G 7.2 15.9 - 24.0 47.1 

A 2.4 1.8 5.7 - 9.9 

15 

Single nucleotide substitutions were computed on the Vh coding strand and are given as 

the percentage of the total number (333) of independent, unselected nucleotide 
substitutions identified. 



20 

Example 4: Selection of hypermutating cells by IgM-loss 

Analysis of the Ramos variants reveals several mutations that must have inactivated Vh 
(see Figure IB) suggesting it might be possible for the cells to lose IgM expression but 
25 remain viable. If this is the case, Ig expression loss would be an easy means to select a 
constitutively hypermutating B cell line. 

Analysis of the Ramos culture reveals it to contain 8% surface IgM" cells. Such IgM- 
loss variants are generated during in vitro culture, as follows. The starting Ramos 
30 culture is transfected with a pSV2neo plasmid, diluted into 96-well plates and clones 
growing in selective medium allowed to expand. Flow cytometry performed on the 
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expanded clones six months after the original transfection reveals the presence of IgM- 
loss variants, constituting 16% and 18% of the two clonal populations (Rcl3 and Rcl4) 
shown here (Figure 4A). Enrichment by a single round of sorting yields subpopulations 
that contain 87% (Rcl3) and 76% (Rcl4) surface IgM-negative cells. Following PCR 
amplification of the rearranged V H gene in these subpopulations, sequencing reveals, 
that 75% (Rcl3) and 67% (Rcl4) of the cloned Vh segments contained a nonsense 
(stop), deletion (del) or duplication (dup) mutation within the 341 nucleotide Vh stretch 
analysed. The remainder of the clones are designated wild type (wt) although no 
attempt is made to discriminate possible VH-inactivating missense mutations. The 4 
deletions and 3 duplications identified in the Rcl3 population are all distinct whereas 
only 4 distinct mutations account for the 7 Rcl4 sequences determined that harbour 
deletions. The nature of the deletions and duplications is presented in Figure 6: each 
event is named with a letter followed by a number. The letter gives the provenance of 
the mutation (A, B and C being the cloned TdT" control transfectants, D, E and F the 
TdT+ transfectants and U signifies events identified in the initial, unselected Ramos 
culture); the number indicates the first nucleotide position in the sequence string. 
Nucleotides deleted are specified above the line and nucleotides added (duplications or 
non-templated insertions) below the line; single nucleotide substitutions are encircled 
with the novel base being specified. The duplicated segments of Vh origin are 
underlined; non-templated insertions are in bold. With several deletions or duplications, 
the event is flanked by a single, nucleotide of unknown provenance. Such flanking 
changes could well arise by nucleotide substitution (rather than non-templated insertion) 
and these events therefore separately grouped; the assignment of the single base 
substitution (encircled) to one or other end of the deletion/duplication is often arbitrary. 

The IgM- cells are enriched in a single round of sorting prior to PCR amplification and 
cloning of their Vh segments. The sequences reveal a considerable range of VH- 
inactivating mutations (stop codons or frameshifts) (Figure 4) although diverse 
inactivating mutations are even evident in IgM-loss variants sorted after only 6 weeks 
of clonal expansion (see Figure 5). In Figure 5 A expression of TdT in three pSV- 
pPG/TdT and three control transfectants of Ramos is compared by Western blot analysis 
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of nuclear protein extracts. Nalm6 (a TdT-positive human pre-B cell lymphoma) and 
HMy2 (a TdT-negative mature human B lymphoma) provided controls. 
In Figure 5B, pie charts are shown depicting independent mutational events giving rise 
to IgM-loss variants. IgMT variants (constituting 1-5% of the population) are obtained 

5 by sorting the three TdT+ and three TdT control transfectants that have been cultured 
for 6 weeks following cloning. The Vh regions in the sorted subpopulations are PCR 
amplified and sequenced. The pie charts depict the types of mutation giving rise to Vh 
inactivation with the data obtained from the TdT+ and TdT" IgM" subpopulations 
separately pooled. Abbreviations are as in Figure 4 A except that "ins" indicates clones 

10 containing apparently non-templated nucleotide insertions. Clones containing deletions 
or duplications together with multiple nucleotide non-templated insertions are only 
included within the "ins" segment of the pie. Only unambiguously distinct mutational 
events are computed. Thus, of the 77 distinct Vn-inactivating mutations identified in 
the TdT+ IgM-loss subpopulations, 30 distinct stop codon mutations are identified; if 

15 the same stop codon have been independently created within the IgM-loss population 
derived from a single Ramos transfectant, this would have been underscored. 

The stop codons are created at variety of positions (Figure 4B) but are not randomly 
located. Figure 4B summarises the nature of the stop codons observed in the Rcl3 and 

20 Rcl4 IgM-loss populations. At least eight independent mutational events yield the 
nonsense mutations which account for 20 out of the 27 non-functional Vh sequences in 
the Rcl3 database; a minimum of ten independent mutational events yield the nonsense 
mutations which account for 15 of the 22 non-functional Vh sequences in the Rcl4 
database. The numbers in parentheses after each stop codon give the number of 

25 sequences in that database that carry the relevant stop codon followed by the number of 
these sequences that are distinct, as discriminated on the basis of additional mutations. 
Analysis of stop codons in IgM-loss variants selected from four other clonal populations 
reveals stop codon creation at a further five locations within V H . In data obtained in six 
independent experiments, stop codon creation is restricted to 16 of the 39 possible sites; 

30 the DNA sequences at these preferred sites being biased (on either coding or non-coding 
strand) towards the RGYW consensus. 
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Not surprisingly, whereas deletions and insertions account for only a small proportion 
of the mutations in unselected Ramos cultures (see above), they make a much greater 
contribution when attention is focused on Vn-inactivating mutations. It is notable that a 

5 large proportion of the IgM-loss variants can be accounted for by stop-codon/frameshift 
mutations in the Vh itself. This further supports the proposal that hypermutation in 
Ramos is preferentially targeted to the immunoglobulin V domain - certainly rather than 
the C domain or, indeed other genes (such as the Igoc/Igp sheath) whose mutation could 
lead to a surface IgM~ phenotype. It also may well be that the Ramos Vh is more 

10 frequently targeted for hypermutation than its productively rearranged Vx, a conclusion 
supported by the pattern of mutations in the initial culture (Figure 1C). 

Selection of cells by detection of Ig loss variants is particularly useful where those 
variants are capable of reverting, i.e. of reaquiring their endogenous Ig-expressing 

15 ability. The dynasty established earlier (Figure IB) suggests not only that IgM-loss 
cells could arise but also that they might undergo further mutation. To confirm this, 
IgM-loss variants sorted from Rcl3 are cloned by limiting dilution. Three weeks after 
cloning, the presence of IgM + revertants in the IgM" subclones is screened by 
cytoplasmic immunofluorescence analysis of 5X10 4 cells; their prevalence is given 

20 (Figure 4C). These IgM + revertants are then enriched in a single round of sorting and 
the Vh sequences of the clonal IgM" variant compared to that it of its IgM+ revertant 
descendants. 

Cytoplasmic immunofluorescence of ten expanded clonal populations reveals the 
25 presence of IgM+ revertants at varying prevalence (from 0.005% to 1.2%; Figure 4C) 
allowing a mutation rate of lxlO" 4 mutations bp" 1 generation- 1 to be calculated by 
fluctuation analysis. This is somewhat greater than the rate calculated by direct analysis 
of unselected mutations (0.25xl0~ 4 mutations bp- 1 generation' 1 ; see above), probably in 
part reflecting that different IgM-loss clones revert at different rates depending upon the 
30 nature of the disrupting mutation. Indeed, the sequence surrounding the stop codons in 
the IgM-loss derivatives of Rcl3 reveals that TAG32 conforms well to the RGYW 
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consensus (R = purine, Y = pyrimidine and W = A or T; Rogozin and Kolchanov, 

1992) which accounts for a large proportion of intrinsic mutational hotspots (Betz et ah, 

1993) whereas TAA33 and TGA36 do not (Figure 4D). 

5 Example 5: Selection of a novel Ig binding activity 

In experiments designed to demonstrate development of novel binding affinities, it is 
noted that most members of the Ramos cell line described below express a membrane 
IgM molecule which binds anti-idiotype antibodies (anti-Idl and anti-Id2), specifically 
10 raised against the Ramos surface IgM. However, a few cells retain a surface IgM, yet 
fail to bind the anti-idiotype antibody. This is due to an alteration in binding affinity in 
the surface IgM molecule, such that it no longer binds antibody. Cells which express a 
surface IgM yet cannot bind antibody can be selected in a single round of cell sorting 
according to the invention. 

15 

This is demonstrated by isolating fi positive/id-negative clones which have lost the 
capacity to bind to anti-Id2 despite the retention of a surface IgM, by ELISA. The 
clones are sequenced and in six independent clones a conserved V H residue, K70, is 
found to be mutated to N, M or R as follows: 

20 



Clone 


Mutation 


2 


K70N 


AAG-AAC 




S77N 


AGC-AAC 


4 


K70M 


AAG-ATG 


9 


S59R 


AGT-AGG 




K70N 


AAG-AAC 


10 


K70N 


AAG-AAC 


12 


K70N 


AAG-AAC 


13 


K70R 


AAG-AGG 
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No mutations were observed in the light chain. Thus, it is apparent that mutants may be 
selected from the Ramos cell line in which the Ig molecule produced has a single base- 
pair variation with respect to the parent clone. 

Making use of an anti-Id 1, a similar population of cells is isolated which retain 
expression of the Ig|i constant region but which have lost binding to the anti-idiotype 
antibody. These cells are enriched by sorting cytometry and the sequence of V H 
determined (Figure 7). This reveals six mutations when compared with the consensus 
sequence of the starting population. Two of these mutations result in amino acid 
sequence changes around CDR3 (R->T at 95 and P->H at 98). Thus, selection of 
more subtle changes in the immunoglobulin molecule are selectable by assaying for loss 
of binding. 

In further experiments, hypermutating cells according to the invention are washed, 
resuspended in PBS/BSA (10 8 cells in 0.25ml) and mixed with an equal volume of 
PBS/BSA containing 10% (v/v) antigen-coated magnetic beads. In the present 
experiment, streptavidin coated magnetic beads (Dynal) are used. After mixing at 4° C 
on a roller for 30 mins, the beads are washed three times with PBS/BSA, each time 
bringing down the beads with a magnet and removing unbound cells, remaining cells 
are then seeded onto 96 well plates and expanded up to 10 8 cells before undergoing a 
further round of selection. Multiple rounds of cell expansion (accompanied by 
constitutively-ongoing hypermutation) and selection are performed. After multiple 
rounds of selection, the proportion of cells which bind to the beads, which is initially at 
or close to background levels of 0.02%, begins to rise. 

After 4 rounds, enrichment of streptavidin binding cells is seen. This is repeated on the 
fifth round (Figure 8). The low percentage recovery reflects saturation of the beads 
with cells since changing the cellrbead ratio from vast excess to 1:2 allows a recovery 
of approximately 20% from round five streptavidin binding cells (Figure 9). This 
demonstrates successful selection of a novel binding specificity from the hypermutating 
Ramos cell line, by four rounds of iterative selection. 
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Nucleotide sequencing of the heavy and light chains from the streptavidin binding cells 
predicts one amino acid change in V H CDR3 and four changes in V L (1 in FR1, 2 in 
CDR1 and 1 in CDR2) when compared with the consensus sequence of the starting 
population (Figurell). 

To ensure that the binding of streptavidin is dependent on expression of surface 
immunoglobulin, immunoglobulin negative variants of the streptavidin binding cells are 
enriched by sorting cytometry. This markedly reduces the recovery of streptavidin 
binding cells with an excess of beads. The cells recovered by the Dynal-streptavidin 
beads from the sorted negative cells are in fact Igfi positive and most likely represent 
efficient recovery of Igjj. streptavidin binding cells contaminating the immunoglobulin 
negative sorted cell population. 

Preliminary data suggest that the efficiency of recovery is reduced as the concentration 
of streptavidin on the beads is reduced (Figure 9). This is confirmed by assaying the 
recovery of streptavidin binding cells with beads incubated with a range of 
concentrations of streptavidin (Figure 10). The percentage of cells recoverable from a 
binding population is dictated by the ratio of beads to cells. In this experiment the ratio 
is < 1: 1 beads: cells. 

In a further series of experiments, a further two rounds of selection are completed, 
taking the total to 7. This is accomplished by reducing the concentration of streptavidin 
bound to the beads from 50^g/ml in round 5 to 10ng/ml in round 7. Although the 
secretion levels of IgM is comparable for the populations selected in rounds 4 to 7 
(Figure 12), streptavidin binding as assessed by ELISA is clearly greatly increased in 
rounds 6 and 7, in comparison with round 4 (Figure 13). 

This is confirmed by assessment of binding by Surface Plasmon Resonance on a 
BiaCore chip coated with streptavidin (Figure 14). The supernatant from round 7 is 
injected to flow across the chip at point A, and stopped at point B. At point C, anti- 



WO 00/22111 




PCT/GB99/03358 



human IgM is injected, to demonstrate that the material bound to the streptavidin is 
IgM. The gradient A-B represents the association constant, and the gradient B-C to 
dissociation constant. From the BiaCore trace it is evident that round 6 supernatant 
displays superior binding characteristics to that isolated from round 4 populations or 
5 unselected Ramos cells. 

Antibodies from round 6 of the selection process also show improved binding with 
respect to round 4. Binding of cells from round 6 selections to streptavidin-FITC 
aggregates, formed by preincubation of the fluorophore with a biotinylated protein, can 
10 be visualised by FACS, as shown in Figure 15. Binding to round 4 populations, 
unselected Ramos cells or IgM negative Ramos is not seen, indicating maturation of 
streptavidin ^binding. 

Use of unaggregated streptavidin-FITC does not produce similar results, with the 
15 majority of round 6 cells not binding. This, in agreement with ELISA data, suggests 
that binding to streptavidin is due to avidity of the antibody binding to an array of 
antigen, rather than to a monovalent affinity. Higher affinity binders may be isolated 
by sorting for binding to non-aggregated streptavidin-FITC. 



20 In order to determine the mutations responsible for the increased binding seen in round 
6 cells over round 4 cells, the light and heavy chain antibody genes are amplified by 
PCR, and then sequenced. In comparison with round 4 cells, no changes in the heavy 
chain genes are seen, with the mutation R103S being conserved. In the light chain, 
mutations V23F and G24C are also conserved, but an additional mutation is present at 

25 position 46. Wild-type Ramos has an Aspartate at this position, whilst round 6 cells 
have an Alanine. Changes at this position are predicted to affect antigen binding, since 
residues in this region contribute to CDR2 of the light chain (Figure 16). It seems 
likely that mutation D46A is responsible for the observed increase in binding to 
streptavidin seen in round 6 cells. 

30 
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Example 6: Construction of transgene comprising hypermutation-directing 
sequences 

It is known that , certain elements of Ig gene loci are necessary for direction of 
hypermutation events in vivo. For example, the intron enhancer and matrix attachment 
region Ei/MAR has been demonstrated to play a critical role (Betz et al, 1994). 
Moreover, the 3' enhancer E3' is known to be important (Goyenechea et al, 1997). 
However, we have shown that these elements, whilst necessary, are not sufficient to 
direct hypermutation in a transgene. 

In contrast, provision of Ei/MAR and E3' together with additional J K -C K intron DNA 
and C K is sufficient to confer hypermutability. A pG-Cic transgene is assembled by 
joining an 0.96 Kb PCR-generated KpnI-Spel (3-globin fragment (that extends from -104 
with respect to the p-globin transcription start site to +863 and has artificial Kpnl and 
Spel restriction sites at its ends) to a subfragment of LkA[3'F1] [Betz et al, 1994] that 
extends from nucleotide 2314 in the sequence of Max et al [1981] through Ei/MAR, C K 
and E3\ and includes the 3'F1 deletion. 

Hypermutation is assessed by sequencing segments of the transgene that are PCR 
amplified using Pfu polymerase. The amplified region extends from immediately 
upstream of the transcription start site to 300 nucleotides downstream of J K 5. 

This chimeric transgene is well targeted for mutation with nucleotide substitutions 
accumulating at a frequency similar to that found in a normal Igtc transgene. This 
transgene is the smallest so far described that efficiently recruits hypermutation and the 
results indicate that multiple sequences located somewhere in the region including and 
flanking C K combine to recruit hypermutation to the 5' -end of the (i-globin/IgK 
chimaera. 
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The recruitment of hypermutation can therefore be solely directed by sequences lying 
towards the 3' -end of the hypermutation domain. However, the 5' -border of the 
mutation domain in normal Ig genes in the vicinity of the promoter, some 100-200 
nucleotides downstream of the transcription start site. This positioning of the 5'-border 
5 of the mutation domain with respect to the start site remains even in the pG-CK 
transgene when the p-globin gene provides both the promoter and the bulk of the 
mutation domain. These results are consistent with findings made with other transgenes 
indicating that it is the position of the promoter itself that defines the 5' -border of the 
mutation domain. 

10 

The simplest explanation for the way in which some if not all the k regulatory elements 
contribute towards mutation recruitment is to propose that they work by bringing a 
hypermutation priming factor onto the transcription initiation complex. By analogy with 
the classic studies on enhancers as transcription regulatory elements, the IgK enhancers 
15 may work as regulators of hypermutation in a position and orientation-independent 
manner. Indeed, the data obtained with the PG-Ck transgene together with previous 
results in which E3' was moved closer to C K [Betz et aL t 1994] reveal that the 
hypermutation-enhancing activity of E3' is neither especially sensitive to its position or 
orientation with respect to the mutation domain. 

20 

Ei/MAR normally lies towards the 3' -end of the mutation domain. Whilst deletion of 
Ei/MAR drastically reduces the efficacy of mutational targeting, its restoration to a 
position upstream of the promoter (and therefore outside the transcribed region) gives a 
partial rescue of mutation but without apparently affecting the position of the 5' -border 

25 of the mutational domain. Independent confirmation of these results was obtained in 
transgenic mice using a second transgene, tk-neo::CK y in which a neo transcription unit 
(under control of the HSVtk promoter) is integrated into the C K exon by gene targeting 
in embryonic stem cells [Zou, et aL, 1995]. In this mouse, following V k -Jk: joining, 
the IgK Ei/MAR is flanked on either side by transcription domains: the V gene upstream 

30 and tk:;neo downstream. The tk-neo gene is PCR amplified from sorted germinal centre 
B cells of mice homozygous for the neo insertion. 
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For the tk-neo insert in tk-neo::C K mice, the amplified region extends from residues 607 
to 1417 [as numbered in plasmid pMCNeo (GenBank accession U43611)], and the 
nucleotide sequence determined from position 629 to 1329. The mutation frequency of 

5 endogenous VJ K rearrangements in tk-neo ::C K mice is determined using a strategy 
similar to that described in Meyer et ai, 1996. Endogenous VJ K 5 rearrangements are 
amplified using a V K FR3 consensus forward primer 
(GGACTGCAGTCAGGTTCAGTGGCAGTGGG) and an oligonucleotide LkFOR 
[Gonzalez-Fernandez and Milstein, (1993) PNAS (USA) 90:9862-9866] that primes 

10 back from downstream of the J K cluster. 

Although the level of mutation of the tk-neo is low and it is certainly less efficiently 
targeted for mutation than the 3 '-flanking region of rearranged V K genes in the same 
cell population, it appears that - as with normal V genes - the mutation domain in the 
15 neo gene insert starts somewhat over 100 nucleotides downstream of the transcription 
start site despite the fact that Ei/MAR is upstream of the promoter. 

Thus, transgenes capable of directing hypermutation in a constitutively hypermutating 
cell line may be constructed using Ei/MAR, E3' and regulatory elements as defined 
20 herein found downstream of J K . Moreover, transgenes may be constructed by 
replacement of or insertion into endogenous V genes, as in the case of the tk-neo ::C K 
mice, or by linkage of a desired coding sequence to the J K intron, as in the case of the PG- 
Ck transgene. 
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Claims 

1. A method for preparing a lymphoid cell line capable of directed constitutive 
hypermutation of a target nucleic acid region, comprising screening a cell population for 

5 ongoing target sequence diversification, and selecting a cell in which the rate of target 
nucleic acid mutation exceeds that of other nucleic acid mutation by a factor of 100 or 
more. 

2. A method according to claim 1, wherein the lymphoid cell line is derived from 
10 an immunoglobulin-expressing cell. 

3. A method according to claim 1 or claim 2, wherein the lymphoid cell line is 
derived from or related to a cell type which hypermutates in vivo. 

15 4. A method according to claim 3, wherein the cell line is a Burkitt lymphoma, 
follicular lymphoma or diffuse large cell lymphoma cell line. 

5. A method according to any preceding claim, further comprising the steps of 
isolating one or more cells which display target sequence diversification, and comparing 

20 the rate of accumulation of mutations in the target sequences with that in non-target 
sequences in the isolated cells. 

6. A method according to any preceding claim, wherein the target sequence is an 
immunoglobulin V-gene sequence. 

25 

7. A method according to claim 6, wherein the cells are screened by assessing loss 
of an expressed immunoglobulin. 

8. A method according to any one of claims 1 to 6, wherein the cells are screened 
30 by assessment of mutation rates by direct sequencing of the target sequences. 
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9. A method according to any one of claims 1 to 6, wherein the cells are screened 
by an immunofluorescence technique. 

10. A method according to any preceding claim, wherein the rate of mutation in the 
5 cell is modulated by the administration of a mutagen or the expression of a sequence- 
modifying gene product. 

11. A method for preparing a gene product having a desired activity, comprising the 
steps of: 

10 a) expressing a nucleic acid encoding the gene product in a population of 

cells according to claim 1 , operably linked to a sequence which directs hypermutation; 

b) identifying a cell or cells within the population of cells which expresses a 
mutated gene product having the desired activity; and 

c) establishing one or more clonal populations of cells from the cell or cells 
15 identified in step (b), and selecting from said clonal populations a cell or cells which 

expresses a gene product having an improved desired activity. 

12. A method according to claim 11, wherein the cell or cells direct constitutive 
hypermutation to an endogenous V gene locus. 

20 

14. A method according to claim 12 or claim 13, wherein the control sequences 
which direct hypermutation are selected from sequences occurring downstream of a J 
gene cluster. 

25 15. A method according to claim 14, wherein the control sequences comprise 
elements Ei/MAR, C K plus flanking regions and E3' as defined according to Klix et ai, 
(1998) Eur J. Immunol. 28:317-326. 

16. A method according to any one of claims 11 to 15, wherein the nucleic acid 
30 region operatively linked to control sequences which direct hypermutation is an 
exogenous sequence inserted into the cell or cells. 
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17. A method according to claim 16, wherein the exogenous sequence comprises a 
heterologous coding sequence operably linked to control sequences homologous to the 
cell or cells which direct hy permutation. 

5 

18. A method according to claim 17, wherein an endogenous V region coding 
sequence is replaced by a heterologous coding sequence. 

19. A method according to any one of claims 11 to 18, wherein the gene product is 
10 an immunoglobulin. 

20. A method according to any one of claims 11 to 19, wherein the gene product is a 
DNA binding protein. 

15 21. A method according to any one of claims 11 to 20, wherein the desired activity 
is a binding activity. 

22. A method according to any one of claims 11 to 18, wherein the gene product is 
an enzyme. 

20 

23. A method according to any one of claims 11 to 22, wherein steps b) and c) are 
iteratively repeated. 



25 



25 . The use of a cell capable of directed constitutive hypermutation of a specific 
nucleic acid region in the preparation of a gene product having a desired activity. 
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